The proposed electron-proton/ion collider at CERN, the LHeC, can test fundamental and novel aspects of QCD and electroweak interactions as well as explore physics beyond the standard model over an exceptionally large kinematic range.
I. INTRODUCTION
The collisions of the LHC 7 TeV proton beam with an electron beam with an energy of order 60 GeV would provide an extraordinary facility for testing QCD, the electroweak interactions, and theories beyond the standard model [1] . The ep center of mass energy at the LHeC ranges up to √ s = 1.3 TeV, about 30 times the CM energy range range of ep collisions at HERA.
If new phenomena such as supersymmetry, the Higgs, heavy bosons, new quarks, etc, are discovered in pp collisions at the LHC in the sub-TeV domain, the LHeC, with its smaller backgrounds, can be of great importance in illuminating the nature of the new physics. Since quarks, as well as electrons, radiate photons and the W and Z electroweak bosons, the LHeC can be considered a vector-boson collider similar in spirit to the proposed ILC γγ collider. One can study in principle processes such as W + W − → Z as well as γγ → H, ZZ → H, etc. The LHeC is especially well suited for the production of new heavy quarksq in eq → eq collisions and leptoquark formation in eq → L q reactions. It should be recalled that the H1 collaboration [2] at HERA in fact observed an anomalous number of events in deep inelastic ep charged-and neutral-current events at Q 2 > 15000 GeV 2 . A primary test of QCD is deep inelastic electron-proton scattering ep → e X. If electron scattering at small angles can be detected, the minimum x bj = Q 2 /2p·q with Q 2 ≥ 1 GeV 2 is x min 10 −6 , about one thousand times smaller than the HERA range. In this very small x domain one studies QCD at a high gluon density where saturation, BFKL, and other non-linear physics enter in an essential way. Mueller [3] has shown that the power-law behavior of the gluon structure function at small x g(x, Q 2 ) ∝ x 1−α measures the intercept of the BFKL trajectory α = α BFKL (t = 0). The maximum momentum transfer of the electron-quark collision which can be studied at the LHeC ranges up to 0.9 TeV. In this domain one tests the fundamental scaling of the neutral-current electron-quark interaction resulting from QCD evolution and Z 0 exchange at a distance scale of order of 10 −4 fm. Similarly, by studying events with missing transverse energy, one can measure the primary weak interaction eq → ν e q due to W exchange at a momentum transfer Q as high as 100 M W . Events with single top and top pair can be studied.
The collisions of the LHC heavy ion beams with the 60 GeV electron beam greatly increases the study of QCD and electroweak interactions in the nuclear domain, processes never measured at HERA.
II. NOVEL QCD TOPICS

Diffractive Deep Inelastic Scattering (DDIS)
The final-state interactions of the struck quark with the spectators [4] of the proton in electron-quark collisions lead to diffractive events in deep inelastic scattering (DDIS) at leading twist, such as ep → e p X, where the proton remains intact and isolated in rapidity; in fact, more than 10% of the deep inelastic lepton-proton scattering events observed at HERA are diffractive [5, 6] . The presence of a rapidity gap between the target and diffractive system requires that the target remnant emerges in a color-singlet state; this is made possible in any gauge by the soft rescattering incorporated in the Wilson line or by augmented light-front wavefunctions [7] . DDIS can also be studied in electroweak collisions, especially ep → ν e p X, where again the proton remains intact and isolated in rapidity. The LHeC will test DDIS in extreme domains. It can also be tested in nuclear collisions ep → e p X, where the nucleus remains intact and isolated in rapidity.
Deeply Virtual Compton Scattering
One can study exclusive ep reactions at high photon virtuality particularly deeply virtual Compton scattering γ * p → γp and its extensions, such as γ * p → Z 0 p . The imaginary part of the DVCS amplitude in the handbag approximation determines the generalized parton distributions of the proton, and thus it is of particular interest. The real part of the DVCS amplitude is determined by the local two-photon interactions of the quark current in the QCD light-front Hamiltonian [8, 9] . This contact interaction leads to a real energy-independent contribution to the DVCS amplitude which is independent of the photon virtuality at fixed t. The interference of the timelike DVCS amplitude with the Bethe-Heitler amplitude leads to a charge asymmetry in γp → + − p [9] [10] [11] . Such measurements can verify that quarks carry the fundamental electromagnetic current within hadrons.
Deeply Virtual Exclusive Meson Production and Color Transparency
Vector mesons and pseudoscalar mesons can be produced in hard deeply virtual meson scattering reactions: exclusive reactions such as γ
2 ) of the meson enters, a fundamental gauge-independent measure of the meson wavefunction. In the case of electron-ion collisions one can study color transparency [12] at extreme conditions by checking the A dependence of the quasielastic process γ * A → V 0 pX. Color transparency predicts that the cross section will be linear in the proton number Z at high Q 2 ; i.e., no absorption of the produced vector meson as it traverses the nucleus since it is produced and emerges as a small color singlet.
Color-Transparent Higher-Twist Direct Processes
It is conventional to assume that high transverse momentum hadrons in inclusive reactions arise only from jet fragmentation. In fact high p H ⊥ events can emerge directly from a hard higher-twist subprocess [13] [14] [15] . This phenomena can explain [16] the "baryon anomaly" observed at RHIC -the ratio of baryons to mesons at high p H ⊥ , as well as the power-law fall-off 1/p
√ s, both increase with centrality [17] , opposite to the usual expectation that protons should suffer more energy loss in the nuclear medium than mesons.
A fundamental test of leading-twist QCD predictions in high transverse momentum reactions is the measurement of the power-law fall-off of the inclusive cross section [18] 
at fixed x T = 2p T / √ s and fixed θ CM , where n ef f ∼ 4 + δ. Here δ = O(1) is the correction to the conformal prediction arising from the QCD running coupling and the DGLAP evolution of the input distribution and fragmentation functions [13, 14, 19] . The direct higher-twist subprocesses, where the trigger hadron is produced within the hard subprocess avoid the waste of same-side energy, thus allowing the target structure functions to be evaluated at the minimum values of parton momenta where they are at their maximum.
In the case of electron-proton collisions, one can measure ep → eHX or γp → HX processes where the hadron H emerges in isolation. This reaction is particularly interesting to study in electron-ion collisions at the LHeC since the hadron is initially produced as a small-size b ⊥ ∼ 1/p T color-singlet state; it is "color transparent" [12] , and it can thus propagate through dense nuclear matter with minimal energy loss. In contrast, the hadrons which are produced from jet fragmentation have a normal inelastic cross section.
The power law of the cross section Edσ/d 3 p(ep → eHX) at fixed x T = p H ⊥ / √ s and θ cm can differ from leadingtwist predictions due to the presence of higher-twist processes. The behavior of the single-particle inclusive cross section is thus a key test of QCD at the LHeC, since the leading-twist prediction for n eff ∼ 4 + δ is independent of the detailed form of the structure and fragmentation functions.
Sivers and Collins Effects
The effects of final-state interactions of the scattered quark in deep inelastic scattering have been traditionally assumed to be power-law suppressed. In fact, the final-state gluonic interactions of the scattered quark lead to a T -odd non-zero spin correlation of the plane of the lepton-quark scattering plane with the polarization of the target proton [20] . This leading-twist Bjorken-scaling "Sivers effect" is nonuniversal since QCD predicts an opposite-sign correlation [21, 22] in Drell-Yan reactions due to the initial-state interactions of the annihilating antiquark. Similarly, the final-state interactions of the produced quark with its comoving spectators produces a final-state T -odd polarization correlation -the "Collins effect.". This can be measured at the LHeC without beam polarization by measuring the correlation of the polarization of a hadron such as the Λ with the quark-jet production plane.
The Odderon
QCD predicts an odd-C exchange trajectory due to diagrams with three-gluon exchange at lowest order, a fundamental effect which has never been verified. The BFKL analysis predicts that its trajectory has an intercept α Odderon (t = 0) 0. The odderon can be measured in processes requiring odd-C exchange such as γp → π 0 p . An even more sensitive test, ideal for the LHeC is to measure the difference between the charm and anti-charm angular or energy distributions in γ * p → ccp [23] . The asymmetry arises from the interference of the pomeron and odderon exchange amplitudes.
Non-Universal Antishadowing
The nuclear distribution can be measured to extraordinarily small x Bj in electron-ion collisions at the LHeC.
The shadowing of the nuclear structure functions: R A (x, Q 2 ) < 1 at small x < 0.1 can be readily understood in terms of the Gribov-Glauber theory. Consider a two-step process in the nuclear target rest frame. The incomingdipole first interacts diffractively γ * N 1 → (qq)N 1 on nucleon N 1 leaving it intact. This is the leadingtwist diffractive deep inelastic scattering (DDIS) process which has been measured at HERA to constitute approximately 10% of the DIS cross section at high energies. Thestate then interacts inelastically on a downstream nucleon N 2 : (qq)N 2 → X. The phase of the pomeron-dominated DDIS amplitude is close to imaginary, and the Glauber cut provides another phase i, so that the two-step process has opposite phase and destructively interferes with the one-step DIS process γ * N 2 → X where N 1 acts as an unscattered spectator. The one-step and-two-step amplitudes can coherently interfere as long as the momentum transfer to the nucleon N 1 is sufficiently small that it remains in the nuclear target; i.e., the Ioffe length [24] 
2 is large compared to the inter-nucleon separation. In effect, the flux reaching the interior nucleons is diminished, thus reducing the number of effective nucleons and R A (x, Q 2 ) < 1. The Bjorken-scaling diffractive contribution to DIS arises from the rescattering of the struck quark after it is struck (in the parton model frame q + ≤ 0), an effect induced by the Wilson line connecting the currents. Thus one cannot attribute DDIS to the physics of the target nucleon computed in isolation [4] .
Nuclear shadowing and antishadowing in electron-ion collisions is thus due to multi-step coherent reactions involving leading twist diffractive reactions [25, 26] . The nuclear shadowing of structure functions is a consequence of the lepton-nucleus collision; it is not an intrinsic property of the nuclear wavefunction.
The antishadowing of the nuclear structure functions as observed in deep inelastic lepton-nucleus scattering is particularly interesting. Empirically, one finds
2 ) > 1 in the domain 0.1 < x < 0.2; i.e., the measured nuclear structure function (referenced to the deuteron) is larger than the scattering on a set of A independent nucleons.
Ivan Schmidt, Jian-Jun Yang, and I [26] have extended the analysis of nuclear shadowing to the shadowing and antishadowing of the electroweak structure functions. We note that there are leading-twist diffractive contributions γ * N 1 → (qq)N 1 arising from Reggeon exchanges in the t-channel [25] . For example, isospinnon-singlet C = + Reggeons contribute to the difference of proton and neutron structure functions, giving the characteristic Kuti-Weisskopf F 2p − F 2n ∼ x 1−α R (0) ∼ x 0.5 behavior at small x. The x dependence of the structure functions reflects the Regge behavior ν α R (0) of the virtual Compton amplitude at fixed Q 2 and t = 0. The phase of the diffractive amplitude is determined by analyticity and crossing to be proportional to −1 + i for α R = 0.5, which together with the phase from the Glauber cut, leads to constructive interference of the diffractive and nondiffractive multi-step nuclear amplitudes. The nuclear structure function is predicted to be enhanced precisely in the domain 0.1 < x < 0.2 where antishadowing is empirically observed. The strength of the Reggeon amplitudes is fixed by the fits to the nucleon structure functions, so there is little model dependence. Since quarks of different flavors will couple to different Reggeons; this leads to the remarkable prediction that nuclear antishadowing is not universal; it depends on the quantum numbers of the struck quark. This picture implies substantially different antishadowing for charged and neutral current reactions, thus affecting the extraction of the weak-mixing angle θ W . The ratio of nuclear to nucleon structure functions R A/N (x, Q) =
AF 2N (x,Q) is thus process independent. We have also identified contributions to the nuclear multi-step reactions which arise from odderon exchange and hidden color degrees of freedom in the nuclear wavefunction.
It has been conventional to assume that the nuclear modifications to the structure functions measured in deep inelastic lepton-nucleus and neutrino-nucleus interactions are identical; in fact, as noted above, the GribovGlauber theory predicts that the antishadowing of nuclear structure functions in the x ∼ 0.15 domain is not universal, but depends on the quantum numbers of each struck quark and antiquark [26] because of flavordependent Regge exchange. This observation can explain the recent analyses of Schienbein et al. [27] and Kovarik et al. [28] which shows that the measured nuclear effect measured in the NuTeV deep inelastic scattering charged current experiment is distinctly different from the nuclear modification measured at SLAC and NMC in deep to Eq. 1 charged . Results lid lines) om iron. lt of our DFs. cale Q, the atomic number A, or the specific observable. erimental data and the extracted PDFs demand that the ually precise as these contributions play a crucial role in reexamine the source and size of the nuclear corrections d quantify the associated uncertainty. Additionally, we e nuclear correction factors as a dynamic component of elations between the heavy and light target data can be [27] inelastic scattering electron and muon scattering. See fig.1 . This implies that part of of the anomalous NuTeV result [29] for θ W could be due to the non-universality of nuclear antishadowing for charged and neutral currents.
This nonuniversality can be tested at the LHeC in electron-ion collisions by comparing the A-dependence of deep inelastic neutral and charged current reactions in the x ∼ 0.15 domain or by tagging the jet flavor in semi-inclusive DIS.
Hidden Color
In nuclear physics nuclei are simply the composites of nucleons. However, QCD provides a new perspective: [30, 31] six quarks in the fundamental 3 C representation of SU (3) color can combine into five different color-singlet combinations, only one of which corresponds to a proton and neutron. The deuteron wavefunction is a proton-neutron bound state at large distances, but as the quark separation becomes smaller, QCD evolution due to gluon exchange introduces four other "hidden color" states into the deuteron wavefunction [32] . The normalization of the deuteron form factor observed at large Q 2 [33] , as well as the presence of two mass scales in the scaling behavior of the reduced deuteron form factor [30] , suggest sizable hidden-color Fock state contributions in the deuteron wavefunction [34] . The hidden-color states of the deuteron can be materialized at the hadron level as ∆ ++ (uuu)∆ − (ddd) and other novel quantum fluctuations of the deuteron. These dual hadronic components become important as one probes the deuteron at short distances, such as in exclusive reactions at large momentum transfer. For example, the ratio dσ/dt(γd → ∆ ++ ∆ − )/dσ/dt(γd → np) is predicted to increase to a fixed ratio 2 : 5 with increasing transverse momentum p T . Similarly, the Coulomb dissociation of the deuteron into various exclusive channels ed → e + pn, ppπ − , ∆∆, · · · will have a changing composition as the final-state hadrons are probed at high transverse momentum, reflecting the onset of hidden-color degrees of freedom. The hidden color of the deuteron can be probed at the LHeC in electron deuteron collisions by studying reactions such as γ * d → npX where the proton and neutron emerge in the target fragmentation region at high and opposite p T . In principle, one can also study DIS reactions ed → e X at very high Q 2 where x > 1. The production of high p T anti-nuclei at the LHeC is also sensitive to hidden color-nuclear components.
Heavy Quark Distributions
It is conventional to assume that the charm and bottom quarks in the proton structure function only arise from gluon splitting g → QQ. In fact, the proton light-front wavefunction contains ab initio intrinsic heavy quark Fock state components such as |uudcc > [35] [36] [37] [38] . Intrinsic heavy quark Fock states in the hadron lightfront wavefunction are a rigorous consequence of QCD. The intrinsic heavy quarks carry most of the proton's momentum since this minimizes the off-shellness of the state. The heavy quark pair QQ in the intrinsic Fock state is primarily a color-octet, and the ratio of intrinsic charm to intrinsic bottom scales scales as m 1/10, as can be seen from the operator product expansion in non-Abelian QCD [36, 38] . Intrinsic charm and bottom explain the origin of high x F open-charm and open-bottom hadron production, double charm baryon production, as well as the single and double J/ψ hadroproduction cross sections observed at high x F . The factorizationbreaking nuclear A α (x F ) dependence of hadronic J/ψ production cross sections can also be explained [39] .
As emphasized by Lai, Tung, and Pumplin [40] , there are strong indications that the structure functions used to model charm and bottom quarks in the proton at large x bj have been underestimated, since they ignore intrinsic heavy quark fluctuations of hadron wavefunctions. Furthermore, the neglect of the intrinsic-heavy quark component in the proton structure function will lead to an incorrect assessment of the gluon distribution at large x if it is assumed that sea quarks always arise from gluon splitting [41] Intrinsic heavy quarks in the |uudqq > Fock states can account for the magnitude and shape of the proton'sd −ū, s +s, andū +d − s −s distributions [42] .
The anomalous growth of the pp → γcX inclusive cross section observed by D0 collaboration [43] at the Tevatron indicates that the charm distribution has been underestimated at x > 0.10. See fig. 2 . The LHeC could definitively establish the phenomenology of the charm and bottom structure functions at large x bj . In addition to DIS measurements, one can test the charm (and bottom) distributions at the LHeC by measuring reactions such as γp → cX where the charm jet is produced at high p T in the reaction γc → cg.
Kopeliovich, Schmidt, Soffer, Goldhaber, and I [39] have proposed a novel mechanism for Inclusive and diffractive Higgs production pp → pHp in which the Higgs boson carries a significant fraction of the projectile proton momentum. The production mechanism is based on the subprocess (QQ)g → H where the QQ in the |uudQQ > intrinsic heavy quark Fock state of the colliding proton has approximately 80% of the projectile protons momentum. A similar mechanism could produce the Higgs at large x F ∼ 0.8 in γp → HX at the LHeC based on the mechanism γ(QQ) → H since the heavy quarks typically each carry light-front momentum fractions x ∼ 0.4 when they arise from the intrinsic heavy quark Fock states |uudQQ > of the proton.
Top Quark Production-Anomalous Threshold Effects
The top quark can be produced the LHeC from W b → t reactions where the b quark arises from the intrinsic bottom component. One can also produce top-quark pairs in γ * p → ttX reactions. Since the top quarks are produced non-relativistically, there are important QCD corrections [44] which increase their production near threshold -the analog of the QED Sakharov, Sommerfeld, Schwinger corrections. This effect involves the QCD coupling α s (µ 2 ) at a renormalization scale of order
, where β is the QQ relative velocity andŝ = 4m 2 T .
Renormalization Scales at the LHeC
It is often stated that the renormalization scale of the QCD running coupling α s (µ 2 R ) cannot be fixed, and thus it has to be chosen in an ad hoc fashion. In fact, as in QED, the scale can be fixed unambiguously by shifting µ R so that all terms associated with the QCD β function vanish. The purpose of the running coupling in any gauge theory is to sum all terms involving the β function; in fact, when the renormalization scale is set properly, all non-conformal β = 0 terms in a perturbative expansion arising from renormalization are summed into the running coupling. In general, each set of skeleton diagrams has its respective scale. The remaining terms in the perturbative series are then identical to that of a conformal theory; i.e., the corresponding theory with β = 0. The resulting scale-fixed predictions using this "principle of maximum conformality" (PMC) [45] are independent of the choice of renormalization scheme -a key requirement of renormalization group invariance. The result is independent of the choice of the initial renormalization scale µ R0 , thus satisfying Callan-Symanzik invariance. The results agree with QED scale-setting in the Abelian limit. This is also the theoretical principle underlying the BLM procedure [46] , commensurate scale relations between observables, and the scale-setting method used in lattice gauge theory. The number of active flavors n f in the QCD β function is also correctly determined.
Unlike heuristic scale-setting procedures, the BLM/PMC method [45, 46] gives results which are independent of the choice of renormalization scheme, as required by the transitivity property of the renormalization group. The divergent renormalon terms of order α n s β n n! are transferred to the physics of the running coupling. Furthermore, one retains sensitivity to "conformal' effects which arise in higher orders, physical effects which are not associated with QCD renormalization. The BLM/PMC method also provides scale-fixed, scheme-independent high precision connections between observables, such as the "Generalized Crewther Relation" [47] , as well as other "Commensurate Scale Relations" [48, 49] . In the case of the three-gluon coupling, the renormalization scale has a unique dependence on the virtualities of the three gluons [50] .
The elimination of the renormalization scheme ambiguity using the BLM/PMC method will not only increase the precision of QCD tests, but it will also increase the sensitivity of LHeC experiments to new physics beyond the Standard Model.
